The upstream processing of crude oil is often associated with the presence of phenolic compounds when not properly treated could result in adverse effects on human health. The objective of the study was to investigate the effect of process parameters on the photocatalytic degradation of phenol. The ZnO/Fe2O3 nanocomposite photocatalyst was prepared by sol-gel method and characterized using various instrument techniques. The characterized ZnO/Fe2O3 nanocomposite displayed suitable physicochemical properties for the photocatalytic reaction. The ZnO/Fe2O3 nanocomposite was employed for the phenol degradation in a cylindrical batch reactor under solar radiation. The photocatalytic runs show that calcination temperature of the ZnO/Fe2O3 nanocomposite, catalyst loading, initial phenol concentration and pH of the wastewater significantly influence the photocatalytic degradation of phenol. After 180 min of solar radiation, the highest phenol degradation of 92.7% was obtained using the ZnO/Fe2O3 photocatalyst calcined at 400 ºC. This study has demonstrated that phenol degradation is significantly influenced by parameters such as calcination temperature of the ZnO/Fe2O3 nanocomposite, catalyst loading, initial phenol concentration and pH of the wastewater resulting in highest phenol degradation using the ZnO/Fe2O3 nanocomposite calcined at 400 ºC, initial phenol concentration of 0.5 mg/L, catalyst loading of 3 mg/L and pH of 3.
Introduction
The processing of crude oil in onshore facilities is often accompanied by the use of a huge amount of water [1] . This produced wastewater usually contains some toxic pollutants that if not properly treated before disposal could branded phenol as one of the priority pollutants in wastewater that needs urgent attention due to its high risk to human health even at very low concentrations [5] . Hence, strict limits regarding the concentration of phenol allowed in wastewater have been set by various international regulatory agencies, such as EPA [6, 7] . Based on the EPA standard, the concentration of phenol in treated wastewater must not exceed 1 part per billion (ppb) [5] . Exposure of wastewater containing phenol concentration between 9-15 mg/L could lead to serious health problems [8] .
Techniques, such as: biodegradation, physical separation, and advanced oxidation process, have been employed for the treatment of wastewater targeting the removal of recalcitrant pollutants [9] [10] [11] . Amongst these techniques used for the treatment of wastewater containing phenolic compounds, advance oxidation process has been reported as an efficient strategy. Moradi et al. [12] employed irondoped TiO2 for the degradation of phenol and reported 57% phenol removal from the wastewater. In a similar study by Zhang et al. [13] , Co-Pd/BiVO4 photocatalyst was employed for the degradation of phenol under visible light irradiation. The degradation of 90% phenol was attained after 180 min of visible light irradiation. The variation in the amount of phenol degraded in Moradi et al. [12] and Zhang et al. [13] can be attributed to the variation in the physicochemical properties of the photocatalysts and the differences in the process parameters. Recently, the use of nanocomposite photocatalysts, such as: AgBr/BiOBr/graphene, Bi-OCl-TiO2, ZnO/Nd-doped BiOBr, and Ag-ZnO for the photocatalytic degradation of phenol under visible light, have been reported [14] [15] [16] [17] . These studies revealed that phenol was effectively degraded from the wastewater using the nanocomposite photocatalysts. In the present study ZnO/Fe2O3 nanocomposite synthesized by sol-gel was employed for the degradation of phenol in produce wastewater obtained from an onshore oil wastewater treatment facility. The effect of ZnO/Fe2O3 nanocomposite calcination temperature, catalyst loading, initial phenol concentration and the pH of the wastewater on the phenol degradation was investigated.
Materials and Methods
The sample of the produced water used for the experimentation was obtained from the produced wastewater treatment plant, Masila, Yemen. The water sample was stored in an airtight dark bottle and refrigerated before using for the experimental runs. The initial concentration of phenol was determined from the water sample.
The ZnO/Fe2O3 nanocomposite photocatalyst was prepared using precursors materials, such as: zinc nitrate hexa-hydrate (Zn(NO3)2.6H2O, 99.999% trace metal bases, Sigma-Aldrich), iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O, 99.999% trace metal bases, Sigma-Aldrich), ethanol (90% by volume), ethylene glycol (99.8% purity), hydrochloric acid (99.8%m purity), and citric acid (99.5% purity). Sol-gel method standards for the synthesis of the ZnO/Fe2O3 photocatalyst [18] . To prepare the photocatalyst, Zn(NO3)2.6H2O and Fe(NO3)3.9H2O were dissolved in a beaker containing 100 ml ethanol in a molar ratio of 1:3 and stirred for 30 min using a magnetic stirrer. A 3 mol of citric acid and 50 ml ethanol was prepared separately and added to the colloidal gel-like salt-solution. The entire mixture was subsequently stirred continuously at 60 ºC on a hot plate for 60 min. This enables the completion of the hydrolysis and condensation with the addition of NH3 and HCl occasionally to regulate the pH of the gel. Thereafter the obtained gel was allowed to dry in an oven at 80 ºC for 40 min to form a xerogel which was calcined 400 ºC for 3 h to obtain the ZnO/Fe2O3 nanocomposite photocatalyst. The crystallinity, the textural properties, the morphology and the photo-properties of the ZnO/Fe2O3 photocatalysts were examined by X-ray Diffractometer (XRD), Field Emission Scanning Electron Microscope (FESEM), N2 physisorption analysis and UV/Vis spectrophotometer.
Phenol Degradation
The as-prepared ZnO/Fe2O3 nanocomposite was tested for photo-degradation of phenol in the produced wastewater under direct solar radiation. The effects of parameters such as ZnO/Fe2O3 calcination, phenol initial concentration, photocatalyst loading, and pH of the produced wastewater on phenol degradation was examined. A cylindrical batch reactor (non-concentrating type slurry reactor) was employed for the photodegradation experimental runs. For each of the experimental runs, 100 mL of the produced wastewater was used together with the specified amount of ZnO/Fe2O3 nanocomposite ranges from 0.5-3 mg/L was added to the oil field produced water and continuously stirred under dark for 60 minutes. The produced water containing the photocatalyst was placed under direct solar radiation to commence the photodegradation re-action. About 0.5 to 1.0 mL of the aliquot was collected at 15-minutes interval after the commencement of the experimental runs. The aliquot was centrifuged and filtered. The concentration of the phenol left in the treated produce water was measured using High-performance Liquid Chromatography (486-WFMA HPLC). The extent of photocatalytic degradation of the phenol in the produced wastewater was calculated using Equation (1):
where C0 is the initial concentration at t = 0 and C is the concentration of toxic compounds at different intervals of irradiation time, t = tmin. Figure 1 depicts the XRD pattern of the ZnO/Fe2O3 nanocomposite photocatalyst. The XRD pattern shows reflective peaks well indexed at 2-theta values of 29.94º, 31.89º, 34.32º, 35.98º, 44.28º, 48.78º, 56.65º, 58.32º, 62.22º, and 67.78º to the hexagonal structure of Fe0.1O1Zn0.9 nanocomposite with International Centre for Diffraction Data (ICDD) no of 98-008-9727 [19] . The XRD pattern did not capture ZnO and Fe2O3 which implies that the oxides were aggregated to form Fe2.02O4Zn0.96 nanocomposite [20] .
Results and Discussion

Characterization of the ZnO/Fe2O3 Nanocatalyst
The N2 physisorption analysis of the ZnO/Fe2O3 nanocomposites showing the adsorption-desorption isotherm is depicted in Figure 2. The adsorption isotherm displayed a typical Type IV adsorption isotherm with the H3-hysteresis loop in accordance with the International Union of Pure and Applied Chemistry (IUPAC) classifications [21, 22] . This is an indication of weakly adsorption of liquid N2 onto the surface of the ZnO/Fe2O3 nanocomposites with evidence of capillary condensation occurring in photocatalyst mesopore [23] . The Brunauer-Emmett-Teller (BET) specific surface area and the Berrett-Joyner-Halenda (BJH) pore volume of the ZnO/Fe2O3 nanocomposites are estimated as 57.64 m 2 /g and 0.137 cm 3 /g, respectively. The pore diameter of the ZnO/Fe2O3 photocatalyst was obtained as 9.34 nm which further confirms the mesoporous nature of the ZnO/Fe2O3 nanocomposites since a mesoporous material has an average pore diameter greater than 2 nm [24] . Figure 3 depicted the FESEM image and the EDX micrograph showing the morphology and the elemental composition of the ZnO/Fe2O3 photocatalyst. The FESEM image revealed a spherical cluster of ZnO/Fe2O3 nanocomposites as shown in Figure 3 (a). The average particle size of the nanocomposite taken at five different points was calculated as 29.12 nm. An evidence of agglomeration of the spherical nanocomposites can be observed which might have occurred during the calcination process. The detail elemental composition of the ZnO/Fe2O3 nanocomposites is represented in Figure 3 
The different elements such as Zn, O, and Fe which make up the photocatalyst are well represented by the EDX micrograph which further establishes the suitability of the sol-gel method used for preparing the ZnO/Fe2O3 photocatalyst [25] . Figure 4 shows the UV-vis absorption spectra of the ZnO/Fe2O3 photocatalyst. It can be seen that the ZnO/ Fe2O3 photocatalyst exhibited absorption peaks in both the ultra-violet and the visible regions as indicated by the wavelength range. This revealed the suitability of the ZnO/Fe2O3 nanocomposites as photocatalyst that can be employed for degradation of phenol using enormous potential solar energy resources in the visible light region.
Effect of Process Parameters on the Photodegradation of Phenol
Photocatalyst calcination temperature
The effect of varying calcination temperature on the photocatalytic activities of the ZnO/Fe2O3 photocatalyst using 1-2 mg/L of the photocatalysts as well as 0.5 and 3 mg/L of the phenol concentration are depicted in Figure 5 and 6. In Figure 5 , it can be seen that the degradation of the phenol in the produced wastewater increases with an increase in the irradiation time for each of the ZnO/Fe2O3 photocatalysts calcined at 400 ºC, 500 ºC, and 600 ºC using 1 mg/L of the photocatalyst and 0.5 mg/L of the phenol concentration. However, at irradiation time less than 120 min, the degradation of phenol was higher with ZnO/Fe2O3 photocatalysts calcined at 500 ºC and 600 ºC compared to the ZnO/Fe2O3 photocatalysts calcined at 400 ºC. This trend could be attributed to non-steady uptake of the phenol probably due to its low concentration. As time progresses, there was a steady adsorption of the phenol from the wastewater. This observation was only peculiar to low concentration of phenol. After 180 mins photodegradation of the phenol under solar radiation, 73.6%, 59.8%, and 44.6% of the phenol have been degraded by the ZnO/Fe2O3 photocatalyst calcined at 400 ºC, 500 ºC, and 600 ºC, respectively. This implies that the photodegradation of the phenol is strongly dependent on the calcination temperature of the photocatalyst. Interestingly, the highest phenol degradation from the produced wastewater was obtained using the ZnO/Fe2O3 photocatalyst calcined at 400 ºC. This agrees with the work of Kangle et al. [26] who reported the effect of cal-cination of the photocatalytic activity of TiO2 used for degrading surface fluorine. Obviously, an increase in calcination temperature probably has effects on the pores of the photocatalysts indicated by the cumulative pore volume of 0.137 cm 3 /g, 0.127 cm 3 /g, 0.078 cm 3 /g for calcination temperature of 400 ºC, 500 ºC, and 600 ºC, respectively. The pores of the photocatalysts are responsible for the adsorption of the phenol prior to photodegradation reaction. Moreover, the increase, in calcination temperature could also lead to decrease in the BET surface areas (57.65 m 2 /g, 20.72 m 2 /g, and 7.67 m 2 /g for calcination temperature of 400 ºC, 500 ºC, and 600 ºC, respectively) which could be responsible for the decrease in photocatalytic activity as reported by Xiao and Ouyang [27] . Also, the effect of varying calcination temperature on the photocatalytic activity using a higher photocatalyst amount of 2 mg/L and phenol concentration of the 3 mg/L is depicted in Figure 6 . Similarly, the activity of the photocatalyst decreases with increases in the calcination temperature. After 180 min irradiation time, the 92.7%, 41.4%, and 41.7% of the phenol in the produced wastewater have been degraded using the ZnO/Fe2O3 photocatalyst calcined at 400 ºC, 500 ºC, 600 ºC, respectively. With increase in the phenol concentration and the amount of photocatalyst, the amount of phenol degraded in the produced wastewater also increases using ZnO/Fe2O3 photocatalyst calcined at 400 ºC. These results suggest that attaining high phenol degradation requires the use of ZnO/Fe2O3 photocatalyst calcined at a temperature around 400 ºC. Comparing Figure  5 nol, it can be seen that a more steady degradation of the phenol was observed using 1 mg/L of the ZnO/Fe2O3 photocatalysts calcined at 400 ºC, 500 ºC, 600 ºC and phenol concentration of 0.5 mg/L compared to using 2 mg/L of ZnO/Fe2O3 photocatalyst calcined at 400 ºC, 500 ºC, 600 ºC for 3 mg/L of phenol concentration. Nevertheless, the highest phenol degradation was recorded using 2 mg/L of the ZnO/Fe2O3 photocatalyst calcined at 400 ºC and phenol concentration of 3 mg/L.
Effect of initial phenol concentration
The effect of initial phenol concentration on the degradation of phenol using ZnO/Fe2O3 photocatalyst calcined at 400 ºC, 500 ºC, and 600 ºC are shown in Figures 7-9 , respectively. In Figure 7 , 2 mg/L of the ZnO/Fe2O3 photocatalyst calcined at 400 ºC was employed for the photodegradation of the phenol in the produced water. It can be seen that the photodeg-radation of the phenol decreases with an increase in the initial phenol concentration. After 180 min of solar radiation, 71.1%, 62.3%, and 51.5% of phenol were degraded from the produced water at 0.5, 2, and 3 mg/L initial phenol concentration, respectively. Also, in Figure 8 , 2 mg/L of the ZnO/Fe2O3 photocatalyst calcined at 500 ºC was employed for the photodegradation of the phenol in the produced water. The photodegradation of the phenol varies with the initial phenol concentration in the produced water. After 180 min, 74.5%, 63.4%, and 58.2% of the phenol present in produced water have been degraded from the produced water with the initial phenol concentration of at 0.5, 2, and 3 mg/L, respectively. Similar, Figure 9 shows the variation of the amount of phenol degraded using different initial phenol concentration. Phenol degradation was 68.3%, 57.8%, and 48.9% after 180 mins using at 0.5, 2, and 3 mg/L initial phenol concentration. Muhammad et al. [28] reported that a higher phenol concentration often leads to low phenol degradation efficiency which is in agreement with trend obtained in this study. The present study is consistent with that of Paul et al. [29] who reported that g-C3N4 photocatalyst at various loading significantly influences the photodegradation of methylene blue in contaminated water. The presence of high concentration of phenol in the solution entails more time to attain the same removal rate as the low concentration of phenol, hence gives rise to low phenol degradation efficiency. 600 ºC, respectively. The amount of the photocatalyst was varied from 0.5 to 3 mg/L. Figure  10 depicts the photodegradation of phenol at different photocatalyst loading (the photocatalyst was calcined at 400 ºC). It can be seen that the photodegradation of the phenol increases with an increase in the photocatalyst loading [30] . After 180 min, 77.9%, 88.2%, and 92.2% have been degraded from the produced water using photocatalyst loading of 0.5 mg/L, 2 mg/L, and 3 mg/L, respectively. A similar trend was observed for the photocatalyst calcined at 500 ºC used at various loading for the photodegradation reaction. The degradation of the phenol in the produced wastewater increase with the photocatalyst loading. Phenol degradation of 71.2%, 82.4%, and 86.2% were obtained for photocatalyst loading of 0.5 mg/L, 1 mg/L, and 3 mg/L, respectively after 180 min of solar radiation. Moreover, the photodegradation of phenol using the photocatalyst calcined at 600 ºC followed the same trend with the amount phenol degraded in the produced wastewater increases with increase in the photocatalyst loading. 55.9%, 61.4%, and 71.9% of the phenol degraded using 0.5 mg/L, 2 mg/L, and 3 mg/L of the photocatalyst, respectively.
Effect of photocatalyst loading
Effect of pH
The effect of pH on the photocatalytic degradation of phenol using ZnO/Fe2O3 photocatalyst calcined at a temperature range of 400-600 ºC is depicted in Figures 13-15 . Studies have shown that photocatalytic degradation of recalcitrant pollutants is often affected by the pH of the solution [29] . Figure 10 depicts the effect of pH on the photodegradation of phenol in produce water using ZnO/Fe2O3 calcined at 400 ºC. The initial pH solution of the produced wastewater was set at 3, 5, 7, and 10 which covers acidic, neutral and alkaline solution. It is obvious that the amount of phenol degraded from the produced wastewater decreases with increase in the pH of the water. After 180 min of solar radiation, 75.3%, 22.6%, 15.2%, and 12.3% of phenol was degraded from the produced wastewater with pH of 3, 5, 7, and 10 respectively. This implies that the formation of radicals needed to adsorb on the surface of the photocatalyst is facilitated in the acidic medium as displayed in this study. A similar observation was observed using ZnO/Fe2O3 photocatalyst calcined at 500 ºC for the degradation of phenol in the produced wastewater depicted in Figure 14 . At 180 min, 69.5%, 23.1%, 16.3% and 13.5% phenol have been degraded from the produced wastewater with pH of 3, 5, 7, and 10 respectively. For the ZnO/Fe2O3 calcined at 600 ºC, similar trend was also observed for the degradation of phenol in the produced water at different pH values. In the produced wastewater with pH of 3, 5, 7 and 10, the photocatalytic process resulted in the degradation of 73.3%, 22.6%, 17.7%, and 14.2%, respectively.
Conclusion
In this study, the effects of parameters, such as: ZnO/Fe2O3 nanocomposite calcination temperature, catalyst loading, initial phenol concentration, and pH of the wastewater on the phenol degradation, have been investigated. For each of the parameters considered, the amount of phenol degradation was found to increase with the irradiation time. Hence, the three parameters were found to significantly influence the amount of phenol degraded from the wastewater. The amount of phenol degradation was found to increase with an increase in the photocatalyst loading but decrease with increase in calcination temperature and pH of the wastewater. The maximum phenol degradation was attained using ZnO/Fe2O3 nanocomposite photocatalyst calcined at 400 ºC, initial phenol concentration of 0.5mg/L, catalyst loading of 3 mg/L and pH of 3. The combination of these parameters can further be optimized for efficient photodegradation of the phenol from the produced wastewater.
